A new microbridge method is introduced in this paper in tensile testing of substrate for fracture toughness of thin films. Measurement of fracture toughness for bulk materials is a routine but extremely difficult and still not standardized for thin films (or coatings). The difficulties in clamping a freestanding thin film and the requirement of a critical delicate loading system are the main obstacles. In this paper, the film to be tested is deposited on a rectangular silicon wafer on which an edge crack is fabricated beforehand. The film is patterned and made into microbridges perpendicular to and ahead of the initial substrate crack. A displacement controlled tensile force is applied to propagate the substrate crack and fracture the microbridges. The critical fracture strain of the microbridge is measured through measuring that of the substrate at the respective location of the bridge. The fracture toughness of the film is thus obtained. This method successfully turned the tensile testing of the film into tensile loading of the substrate, avoided the delicate clamping and loading on the film itself. Two case studies are also presented.
INTRODUCTION
Toughness evaluation of thin films has been troubling researchers for decades. Till now, there is still no international standard or agreed methodology. 1 Nanoindentaiton methods (the radial crack method [2] [3] [4] and the so called 'energy based' methodology [5] [6] [7] [8] [9] have been extensively explored. However, these methods are, at most, semi-quantitative in nature. [10] [11] [12] Other methods reported include bulge test, 13 Vickers indentation based on energy balance, 14 etc. Uniaxial tensile test is the most straight forward, simple and reliable. Uniaxial tensile testing has been served as one of the standard testing methods for fracture toughness of bulk materials. 15 However, making of standalone thin film strip and clapping it to a tensile testing apparatus is extremely difficult without breaking or exerting additional stress to the film. [16] [17] [18] Even if the standalone film is obtained, special apparatus for the tensile loading of thin films is inevitable which, however, is not usually available everywhere. Chasiotis et al released DLC thin films by dissolving a sacrificial SiO 2 layer on Si substrate. [19] [20] The film was then "glued" onto the loading beam by a combination of UV adhesion and electrostatic control. The * Author to whom correspondence should be addressed.
loading was applied through a precision actuator with a force resolution of 10 −4 Newtons and displacement resolution at 4 nanometers. Espinosa et al took another route: they completely etched away the supporting silicon but left the ends of the film strip still attached on the substrate, [21] [22] which avoided the gripping. To load the film, a nanoindentation system was integrated with a microscope interferometer, and the loading was applied through indenting of a wedge indenter in the middle of the film to stretch until the film fractured. The interferometer served to align the indenter tip to the film surface and to measure the displacement of the deflection. Kahn et al made use of the tensile residual stress (tens of MPa) in a polysilicon film to do the measurements. [23] [24] The film was first patterned into strips; a precrack was then made with Vickers indentation on each strip with different initial crack length. The middle section of the film was then made freestanding while both ends of the strip remain attached on the substrate, thus thin film "microbridges" were made. The released residual stress exerted a tensile stress on the bridges to cause some of them to fracture. The shortest precrack among the fractured bridges was located and taken as the critical crack length for calculation of the fracture toughness. However the residual stress is not easily adjustable thus the application is inherently limited. To overcome this inflexibility, this paper uses a micrometer to manually apply loading onto the microbridge via opening up an initial crack made on the substrate. The critical strain of the film is measured through measurement of the displacement of the crack opening. The critical strain is then converted to critical stress for fracture toughness calculation. A CNx film (0.31 m) and a CuZr amorphous film (1.10 m) are tested as case studies. Figure 1 is the schematic of the sample configuration: a crack is made at one edge of a rectangular silicon wafer with two pin holes made at each side of the crack; the testing film is patterned into strips and then released from substrate to form microbridges. The rectangular shape of the substrate is of the so-called double cantilever beam, which ensures that the cracking of the substrate takes place in a stable manner upon displacement controlled loading. [25] [26] In testing, the assembly is placed on a platform consisting of two blocks; a pin is fixed on each block; the blocks are placed tightly side by side and the wafer is place on the blocks so that the pins go through the pin-hole in the wafer. The loading is applied on the wafer through the pins. Normally, it is a problem to ensure straight propagation of the crack in an isotropic ceramic plate, 27 but for silicon wafer (single crystal) it is easy as the crack tends to propagate along a crystal plane. In order to achieve a gradual propagation of the crack, it is necessary to start Fig. 1 . Schematic of the testing configuration: a rectangular silicon wafer substrate containing an edge crack and two pin-holes; a series of film strips just ahead of the tip of substrate crack. Just before testing, the film strips will be released form substrate through etching away the sacrificial layer between the film and the substrate; upon loading, the substrate crack extends in a stable manner and travels beneath film bridges. with a sharp crack. A number of methods have been proposed in literatures on making sharp cracks in ceramic plates: Knoop indentation, 28 three-point bending of sandwiched specimen, 29 contact stresses between the sample and two polymer blocks, 30 indentation and scratch, [31] [32] etc. In this paper, a simple cutting is adopted. A diamond cutter is placed at the edge of the wafer, and a small force is applied to make a notch. A sharp crack is easily obtained in the notch that immediately propagates into the wafer as shown in Figure 2 . Once the crack forms, it usually travels through the wafer and breaks it into two. To prevent this simultaneous catastrophic propagation, a layer of photoresist is spin-coated on the wafer before cutting. The photoresist layer effectively restrains the initial propagation to less than 10 mm. This photoresist layer is also needed in making the microbridges (details later). Figure 3 is the loading stage composed of (1) two aluminum blocks as the loading platform; one of which is mobile and the other is stationary; each block has a steel pin of 1 mm in diameter to match the pin-holes in the wafer; (2) a commercially obtained differential micrometer with displacement sensitivity of 0.5 m attached to the mobile block; each turn of the micrometer results in about 0.5 m opening up of the crack mouth, giving rise to about 50 m crack propagation as shown in Figure 4 ; (3) a water tank in which the testing sample and part of the blocks are placed (the need of a water tank is explained later). Though this simple loading stage is not strictly displacement controlled, it is stiff enough to ensure the substrate crack propagating in a stable manner. In (a) the whole stage is shown: two aluminum blocks, a micrometer, and a water tank. The right aluminum block is fixed and therefore stationary; the left aluminum block is able to move toward left driven by the micrometer with 0.5 m resolution; Two pins, fixed at the platform of the two blocks separately, are for loading; the water tank is used for etching and in-water testing. In (b) the stage is shown during testing: the optical microscopy is to inspect the etching process of sacrificial layer, and to observe fracture events of film strips during testing; sample is submerged in water during etching and testing.
THE MICROBRIDGE METHOD

Preparation of the Microbridges
To make the "microbridges", the film is first patterned into strips using the standard photolithographic technique and then etching away the sacrificial layer between the film and the substrate.
Though SiO 2 is traditionally used as the material for sacrificial layer in MEMS technology, it is not used in this work for two reasons: (1) the etching rate of SiO 2 is extremely low: to release a film strip of 60 m about 4 hours are needed which is in most cases intolerable. To overcome the slow etching, some authors even patterned small holes in the film to allow multiple entry of etchant, 18 but that inevitably compromises the integrity of the film; (2) HF etchant used in the processing is highly toxic. In this work, sputtered ZnO is used as the sacrificial layer due to its remarkable lateral etching rate: [33] [34] only about ten minutes are needed to etch through a 60 m wide film strip using 0.25% HCl etchant. Most metals can survive in such a mild HCl solution for a short time-thus making the test for thin metallic films also becomes possible.
After the film is patterned into strips and before the sacrificial layer is etched away, Vickers indentation is applied on the substrate to induce a precrack in each film strip. 19 21 23 Then, upon etching away of the sacrificial layer, the microbridges are realized with each bridge containing a sharp precrack (of various lengths) at the edge.
However, a capillary force exists when the etching solution is drained away, 35 which easily fractures the thin "bridges" as they already contain precracks at the edge. This is a classical capillary force problem in MEMS. 36 A water tank (c.f., Fig. 3 ) is thus used to house the platform so that the tensile testing can be carried out without subjecting the microbridges to the capillary force. In practice, immediately when the etching is completed, fresh water is flowed in from the bottom to overflow the etchant away. An optical microscopy is used to observe the etching process and the breakage of the bridges during testing.
Calculation of the Toughness
Let f be the strain of the freestanding film, and E f its Young's modulus, thus within the elastic range, the stress f on the film is
And the stress intensity factor K I at the tip of the precrack is obtained by Ref. [37] 4 , W is the width of the film bridge and a is the length of the precrack, and a/W ≤ 0 6 is required. Fracture toughness K IC is obtained if the strain is obtained at fracture (critical strain).
The film strain f can be measured through the extension of the film during testing
where, L o is the original length of the freestanding film before loading. For a non-prestressed bridge, is obtained from the substrate displacement s between the two points where the two ends of the bridge anchor. The total displacement of the substrate s contains two parts: the elastic displacement se and the crack opening distance so s = se + so (4) Finite Element Method (FEM) (abaqus 6.9 software) was used to calculate the substrate displacement s . Due to the symmetry of the loading configuration, only half of the substrate was simulated. Eight-node anisotropic elements were used to model the large deflection of double cantilever beam silicon wafer specimen. For (100) silicon wafer that was used, the following symmetric stiffness matrix C (X102GPa) was calculated in a coordinate system refered to as x, y-axis along the 110 direction, and z-axis along the thickness 100 direction se is zero. If there is noticeable elastic displacement from the substrate, the distance s for scenario 2 and 3 would be different from scenario 1 (see Eq. (4)). In Figure 5 (a), the results for scenario 2 and 3 completely overlap with that of scenario 1, indicating that the elastic displacement se on the substrate is negligible at least 1.5 mm away from the edge of the crack (sufficiently long enough for any possible length of the microbridge), thus Eq. (4) reduces to s = so (5) i.e., the substrate displacement is just the crack opening distance. Figure 5 (b) is the crack opening distance so as the crack mouth opens from 0 to 35 m (vertical axis). As seen, the relationship of so with the location is linear. Thus, given the crack opening distance so at the crack mouth (the largest so value) and the crack length into the wafer, calculation of the crack opening distance so becomes easy.
A residual stress may be generated during the deposition process. The residual stress will be released upon the sacrificial layer is etching away. This stress release causes the microbridge to bend or stretch with an extension r :
Thus the total displacement of the bridge becomes Inserting from Eq. (7) into Eq. (3) obtains strain f of the film, which returns stress f of the film through Eq. (1). Consequently Eq. (2) gives rise to the stress intensity factor K I . In theory as obtained is at the fracture, K I becomes K IC . In practice, as the loading is step-wise (not continuous) and the initial crack length made in the microbridges is discrete, directly attainment of the critical crack length is not possible. Then, K IC value of the film can be identified as "in between" of the K I values of the broken and that of the unbroken bridge. ) showing the perpendicular precrack prepared in the film strip. During etching process, the sacrificial layer between film and substrate will be etched away and thus film strips become freestanding. Upon testing, substrate crack will travel beneath freestanding film strips and the opening up of the substrate crack will exert a tensile force on film strips until they fracture at precracks introduced by Vickers indentation.
The error from this estimation can be evaluated as follows: as the tensile force exerted on the bridge is via opening of the substrate crack, the wedge-shaped substrate crack makes the tensile force not completely uniaxile tensile. The stress (and strain) difference across the width of the film bridge can be assessed with a deviation factor d : (8) where top and bottom are crack opening distances at top and bottom locations where the film bridge anchors.
CASE STUDIES
Fracture Toughness of Carbon Nitride Film
A CNx film was sputter-deposited on silicon wafer as described afore and made into testing samples. Table I tabulated the mechanical and the physical properties of Table II . Testing results of the fracture toughness (MPam 1/2 ) of CNx film: All calculating results of the stress intensity factor are listed; the film strips that break at seven fracture events are highlighted in round parentheses; the fracture toughness obtained from each fracture event and each film bridge is listed in the last column and the second last row respectively; the last row is the calculated error from uniaxial tensile testing condition for each bridge. 40 on 2 (100) silicon wafer of 315 m in thickness. The thickness of film was measured by profilometry and verified by FESEM cross section examination. XPS was used to measure the elemental concentration.
The sample preparation for testing of the CNx film was as follows: (1) Deposition of sacrificial layer: ZnO (0.5 m thick) was sputter deposited on a 4 (100) silicon wafer of 425 m in thickness; (2) Deposition of the testing film: CNx film (0.31 m thick) was sputter deposited on ZnO layer; (3) Creating the initial substrate crack: 10 m AZ400 photoresist was spin coated on top of the CNx coated Si wafer, cured on a hot plate at 110 C for 4 minutes; the wafer was then cut into a rectangle of 16 mm × 33 mm; at the middle of shorter edge, a notch was made with a diamond tip to produce a crack of about 10 mm perpendicular to the edge; (4) Patterning the film into strips: Standard MEMS patterning method was used in patterning. Oxygen plasma was employed to etch away the unwanted film and expose the wafer. When the photoresist on the film was washed away, roughly 200 strips per wafer measuring 58 m × 600 m and 102 m apart were obtained. The strips were numbered for easy recognition (the last strip from the crack mouth as number 1, then when the strip was made into microbridge it was referred to as "Bridge No. 1 ). (5) Creating the precracks on the strips: Vickers indentation at a load of 500 N was used to induce a sharp crack on each strip. The precrack length was measured at scanning electron microscope and recorded along with the strip number; (6) Making the "pin-holes:" two U-shaped grooves 5 mm apart were cut into the edge of the wafer with a diamond wafer blade to serve as the pin-hole.
Till now the sample is made -strips of films are made with precracks on each, but still on wafer. Figure 6(a) shows the rectangular wafer with "pin-holes" and the initial substrate crack. Film strips and corresponding number labels close to the left side edge are visible. The etching of the sacrificial layer came right before the tensile testing. To start the test, the sample was assembled in the water tank under an optical microscope; the 0.25% HCl etchant was poured into the tank to submerge the sample. As the microscopic observation indicated the completion of the etching process, pure water was flowed in from the bottom tube to overflow the etchant out of the tank from the upper tube. In this way, the height of the liquid in tank was kept constant to ensure smooth exchange of the liquids without subjecting the microbridges to capillary force. Effectively no breakage of the microbridges occurred in the process. Seven loadings (termed "Fracture Event" in Table II) were conducted. For each loading, the length of the substrate crack into the wafer and the opening distance at crack mouth was measured, and the fracture of the microbridges was optically surveyed and recorded. Figure 7 has two optical image showing five mircobridges under stress during testing. In Figure 7 (a), only bridge No. 3 fractured. Upon next loading, showing in Figure 7 (b), bridge No. 2 was fractured as well. Calculated stress intensity factor KI at fracture events C1-C7 was tabulated in Table II Table II , and also plotted in Figure 8 . In theory, the upper bounds and the lower bounds should converge to the true K IC of the film. In practice K IC should lie in between the smallest "gap" of the bounds. In Figure 8 , the upper and lower boundaries actually cross each other a little bit, resulting from measurement error. Reading from the dotted line the fracture toughness of the film is therefore 3.05 MPam 1/2 . The deviation from complete uniaxile tensile condition is evaluated with the deviation factor d as given in Eq. (8) . As entered in the last row in Table II 31 . In other words, the bridge closer to the substrate crack mouth has smaller deviation. The largest deviation of all the bridges tested is 0.0375 or less than 4%.
Fracture Toughness of CrZr Amorphous Film
The physical and mechanical properties of the sputtered CrZr film were also entered in Table I . As there was no ready etchant for this metal film, the lift-off process was adopted in preparation of the film strips: before CuZr deposition, a layer of photoresist was spin-coated on the wafer and then patterned onto the desired region; after sputter deposition of CuZr film, dissolution of the photoresist was done to realize the stripping of the film. After other processing steps and testing, the fracture results at 4 fracture events on 5 bridges (No. 5 to No. 9) were plotted in Figure 9 , from which, a K IC value of 1.10-1.20 MPam 1/2 was obtained.
SUMMARY
A new microbridge method is introduced in this paper in tensile testing of substrate for fracture toughness of thin films. The film is deposited and made into microbridges on a rectangular silicon wafer on which an initial crack is made. When loading is applied on the substrate, the opening up of the substrate crack exerts a tensile stress onto the microbridges and forces the precrack in the bridge to propagate and thus fractures the bridge. Measurement of the strain (and in turn, the stress) in film is accomplished through measurement of the crack opening distance in the substrate. The test is carried out in water to avoid breaking of the freestanding films due to capillary force after wet etching (in making of the microbridge). The beauty of the method lies in that (1) microtensile testing of a film is realized without the clamping on the film and (2) the strain in film is obtained through measurement of the crack opening distance in the substrate. The method is suitable for ceramic as well as metallic thin films.
